The synthesis of self-reinforced polyethylene-based materials prepared by in-situ polymerisation is described. The methodology developed uses MCM-41 mesoporous material in a triple role: as catalyst carrier for ethylene polymerisation within its pores and channels in a first stage, as nanofiller of the formed polyethylene matrix during its useful lifetime and, finally, as promoter for long-term waste disposal. As evidenced by FTIR analysis, when the polymer is formed under these confined conditions different interactions between the MCM-41 material and the polyethylene matrix occur, when compared to simple blends. The influence of the filler content on the rigidity of the resulting nanocomposites is analysed by microhardness measurements and corroborated by the storage modulus values: a significant increase in rigidity is observed as the filler contents rises. In addition, thermogravimetric studies show interesting features concerning the degradability of these materials. The catalytic action of MCM-41 during degradation involves a reduction of the energetic requirements for their cracking and, therefore, a positive environmental impact.
INTRODUCTION
Organic-inorganic hybrid composite materials present extraordinary properties arising from the synergism between both components. The composites obtained from the incorporation of inorganic constituent in organic polymers are probably the most interesting ones, showing remarkable changes in their thermal, 1 mechanical, [2] [3] [4] [5] electrical 6 and magnetic 7 properties compared with those found in the neat polymers. The ones scientifically well explored and reported are those when inorganic filler size is within the microscale. [8] [9] [10] [11] [12] The decrease in size of the inorganic component down to the nano-dimension and the increase in the interfacial area result in a new kind of materials that exhibit improved properties: the nanocomposites. Their preparation and the study of their behaviour have imposed a challenge in the last decade. 13 Zeolites * Authors to whom correspondence should be addressed.
and mesoporous materials are particularly interesting to be used as the inorganic phase for the preparation of this type of nanocomposites. These present stable 3D framework structures that can resist to the forces produced by the intercalated polymers, which tend to separate the two constituents, one of the key problems to overcome in the preparation of these nanocomposites. Two primary methods exist for the preparation of nanocomposites from porous inorganic materials: 13 (i) direct threading of preformed polymer through the inorganic host channels (soluble and melting polymers), usually limited by the size, conformation, and diffusion behaviour of the polymers, and (ii) the in-situ polymerisation in the pores and channels of the inorganic hosts. In-situ polymerisation gives better filler dispersion than simple melt preparation, especially at high filler contents, and provides a promising strategy for obtaining nanocomposites with desirable properties. 14 The research papers published recently reported various methods for the synthesis of nanocomposites combining natural and synthetic zeolites, or other layered materials, with in-situ polymerisation of olefins. [14] [15] [16] [17] [18] [19] The M41S materials and, in particular, the MCM-41 one with a hexagonal array of unidirectional pores show promising results when used as carriers for single-site olefin polymerisation catalysts. Moreover, they can keep steadily their 3D frameworks and the polymers formed under the extreme confinement imposed by these carriers might show unusual morphologies and mechanical properties. 20 The majority of the articles published until now has been focused mainly on: (i) the catalytic aspects, that is, the effects on polymerisation activities of the carrier composition and of its interactions with the catalyst and cocatalyst, or (ii) the unusual morphological properties of the polyolefins formed under the extreme confinement imposed by the catalyst support. Therefore, several reports dealing with polymerisation of olefins using transition metal catalysts immobilised in MCM-41 supports have already been described in the literature. [21] [22] [23] [24] [25] [26] [27] However, research is not primarily focused on the potential of these materials (when associated with in-situ polymerisation technique) for the preparation of nanocomposites and there are scarce articles in literature associated with evaluation of bulk properties of the resulting materials. [28] [29] [30] Thus, the aim of this work is to use MCM-41 mesoporous materials for the preparation of polyolefinic nanocomposites, with some of their features being preliminarily analysed. Here, MCM-41 material plays a triple role: in a first stage, as a catalyst carrier making possible the ethylene polymerisation within its pores and channels; in a second one as nanofiller of the polyethylene matrix formed; and, at last, as promoter for the degradation of the material once its service lifetime is over. Accordingly, to cover these three different aspects this article describes the preparation method and the results found from the study of the effect of MCM-41 content, ranged from 2 to 28 wt%, on the mechanical response of the nanocomposites (by microhardness (MH) and storage modulus determination), as well as those related to their thermal stability. The MH estimation allows a fast, reliable and bulk-comparable analysis of how the incorporation of mesoporous MCM-41 influences on rigidity of the resulting nanocomposites. It is noticeable that typical contents of nanofillers added into polymeric matrices are around 10 wt% or lower, because of agglomeration problems and to maintain manufacturing costs as low as possible. However, this work also deals with higher incorporations, analysing the resultant homogeneity and the influence of high contents on the final mechanical properties. In this case, costs are not an issue because the mesoporous component is an element in the synthetic protocol used because of its key role as catalyst carrier.
EXPERIMENTAL DETAILS

Reagents
Cp 2 ZrCl 2 (Aldrich) and methylaluminoxane (MAO, 10% (m/v) toluene solution, Aldrich) were used as received. Commercial toluene (Petrogal) was purified by refluxing over sodium and benzophenone, before distillation. Nitrogen and ethylene (Air Liquide) were dried using absorption columns containing molecular sieves 13 X and 4 A. 
Preparation of the
Preparation of Polymerisation Catalyst Supported on the Mesoporous Materials
Olefin polymerisation catalysts were prepared by combining Cp 2 ZrCl 2 with the mesoporous supports MSI, M47, M30 and M16, using a simplified version of the wellknown impregnation method. Typically, 0.5 g of the mesoporous solid is contacted with a solution of the metallocene 1 7×10 −3 M in toluene, for 16 h, in a Schlenk flask with magnetic stirring and concealed from ambient light. A description and discussion of this experimental procedure can be found in a previous paper. 31 Catalysts derived from supports MSI, M47, M30 and M16, are referred, respectively, as ZIR-MSI, ZIR-M47, ZIR-M30 and ZIR-M16.
Polymerisation
The polymerisation reactor consists in a 250 cm 3 bottle for pressure reactions (Wilmad LabGlass LG-3921), and a magnetic stirrer. This reactor is purged with vacuum/N 2 , loaded with toluene and placed in a water bath with controlled temperature. Nitrogen is replaced by ethylene and the appropriate amount of MAO cocatalyst solution is injected into the reactor. The suspension of mesoporous solid containing the catalyst is vigorously stirred and the equivalent to 2×10 −6 mol Zr is injected into the reactor by measuring an appropriate volume of this fine and homogeneous suspension. After 30 minutes of polymerisation, the reactor is discharged and the polymer is precipitated over methanol acidified with HCl, and further washed twice with fresh methanol before drying. The different hybrid inorganic/organic nanocomposite materials thus obtained are labelled as HDPE/MCM-41(x), the x being the weight content in MCM-41.
In addition, a HDPE homopolymer is synthesised under homogeneous conditions, similar to those previously described, 31 to fully evaluate the effect of the mesoporous MCM-41 in the inherent characteristics of these materials. In another experiment, a reactor mixture of HDPE and MCM-41 is prepared by adding 50 mg of dry MCM-41 powder (dispersed in toluene) to the reactor prior to ethylene polymerisation in homogeneous media (using soluble Cp 2 ZrCl 2 /MAO catalytic system).
FTIR Spectroscopy
A Thermo-Nicolet Nexus FTIR equipment, in transmission mode, was used to establish a calibration pattern and, consequently, determine accurately the composition from the different HDPE/MCM-41(x) nanocomposites synthesised in-situ. Several HDPE/MCM-41 blends with different mesoporous MCM-41 contents, up to ∼15% (w/w), were prepared for this purpose. Thus, powdered homogeneous HDPE was randomly mixed with the mesoporous solid, and thin films were prepared in a SpecAc press with heating plates. Stainless steel moulds with spacers were used to obtain films with uniform thickness from HDPE/MCM-41 mixtures under pressure at 150 C. In all of the films, spectra were taken at different spots (at least four different measurements) to ensure the homogeneity in the MCM-41 distribution within the polymeric matrix. The spectra collected for each film were normalised in relation to the intensity of the absorption band centred at 720 cm −1 , which is associated with main polyolefin backbone, and the final average spectrum is computed.
Samples of the synthesised hybrid materials were also obtained as films for the FTIR evaluation, as described above. The weight composition in nanofiller is estimated for the different in-situ polymerised nanocomposites through the calibration attained from the HDPE/MCM-41 blends and their two characteristic absorption bands.
A Pike Technology Smart Miracle ATR accessory was coupled to the FTIR equipment, in order to analyse the non-soluble fractions resulting from the solvent extraction experiments.
Preparation of Specimens
The hybrid HDPE/MCM-41(x) nanocomposites were obtained as thick films (around 350 m) for the thermal, dynamic mechanical, microhardness and thermogravimetric measurements, by compression moulding in a Collin press between hot plates at 170 C, at a pressure of 1.5 MPa for 5 min. Each of the HDPE/MCM-41(x) specimens was crystallised after its melting in the press by a fast quench in cold water.
X-ray Measurements
Room-temperature X-ray diffraction experiments were performed by employing synchrotron radiation ( = 0 150 nm) in the soft-condensed matter beamline A2 at HASYLAB (Hamburg, Germany). A CCD detector was used covering the approximate 2 range from 1 to 30 .
TEM Analysis
TEM images were obtained in Hitachi H8100 equipment. Nanocomposite samples were deposited in a Cu/polymer grid sample holder.
Solvent Extraction
A portion of ∼300 mg of the hybrid material is placed in a filtering thimble and extracted with a boiling mixture of xylene isomers (∼140 C) for 10 hours, under N 2 atmosphere. The soluble polymer fraction is precipitated and washed with methanol and dried. The insoluble inorganic fraction is washed with methanol and dried.
Thermal Characterisation
The effect of MCM-41 content on melting temperature (T m ) and crystallinity (f c is preliminary estimated by calorimetric analyses. These were carried out in a PerkinElmer DSC7 calorimeter, connected to a cooling system and calibrated with different standards. The sample weights ranged from 6 to 7.5 mg. A temperature range from −50 C to 150 C has been studied and the used heating rate was 10 C min −1 . For crystallinity determinations, enthalpy is normalized taking into account the real amount of polyethylene within the nanocomposite and a value of 290 J g −1 is taken as the enthalpy of fusion of a perfectly crystalline material. 32 
Microhardness Measurements
A Vickers indentor attached to a Leitz microhardness tester was used to perform microindentation measurements undertaken at 23 C. A contact load of 0.98 N and a contact time of 25 s were employed. Microhardness, 
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Elastic Modulus Estimation
The storage modulus (E ) associated with the elastic contribution to the bulk complex modulus for each sample was determined in a tensile mode at 3 Hz using a Polymer Laboratories MK II dynamic mechanical thermal analyser, DMTA, to compare the response in the bulk with respect to that superficial one given by microhardness for the different nanocomposites.
Thermogravimetric Analysis
The weight loss was estimated by thermogravimetry using a TA Instruments TGA Q500 equipment working under an inert atmosphere. The equipment was calibrated according to standard protocols. The sample weights ranged from 4 to 6 mg, and the heating rate was 10 C min −1 .
RESULTS AND DISCUSSION
The preparation of hybrid organic-inorganic nanocomposites by in-situ polymerisation may involve both the dispersion of the nanoscaled filler in the reaction medium before and during polymerisation 34 or the immobilisation of the polymerisation catalyst onto the nanofiller surface. 35 The route here followed takes advantage of the unique properties of MCM-41 materials and involves immobilisation of catalyst on this mesoporous material, allowing therefore polymerisation from the filler surface.
The zirconocene catalyst was immobilised on the MCM-41 material via a direct impregnation route. Under the tested polymerisation conditions no extraction occurs. Polymerisation activity can significantly change by varying from purely siliceous to an aluminated support, as shown in a previous research. 31 Accordingly, different MCM-41-based supports and polymerisation conditions have been carefully selected in this work to control the activity level and to, consequently, enable the preparation of hybrid nanocomposite materials with different contents in inorganic nanofillers.
Several ethylene polymerisations have been performed with catalysts derived from both pure siliceous (ZIR-MSI) and aluminated supports (ZIR-M47, ZIR-M30 and ZIR-M16). Table II shows the experimental conditions that allow the successful HDPE/MCM-41(x) nanocomposites preparation as well as yields and the estimated filler contents. Figure 1 shows the X-ray diffraction profiles in the distinctive region of MCM-41 materials for the different specimens here analysed in order to establish if some polyethylene chains have been synthesised within its pores and channels. The initial MCM-41 exhibits a diffraction pattern characteristic of mesoporous hexagonally arranged structures (reflections (100), (110), (200) and (210)). The different nanocomposites present the same diffractions indicating that the long-range structure is retained after polymerisation. However, differences in intensity and in width are found for the various samples. The former feature occurs because MCM-41 derivatives are not the major component in the material whereas the second one is ascribed to the fact that polyethylene has been inserted within the pores and channels, slightly deforming their original well-ordered long-range structure. The width of the two-dimensional MCM-41 hexagonal structure would be unchanged if polymeric macrochains were out, therefore this width variation confirms the insertion of polyethylene during the in situ polymerisation. Figure 2 (a) shows the FTIR spectra for the purely siliceous MCM-41 and compares it with the spectra obtained for a set at similar filler contents of reference HDPE/MCM-41 blends and in-situ synthesised Self-Reinforced Hybrid Polyethylene/MCM-41 Nanocomposites Campos et al. HDPE/MCM-41(x) nanocomposites. Pure HDPE does not present any distinctive band in the MCM-41 fingerprint FTIR region. However, the HDPE/MCM-41(x) hybrids display two strong absorption bands. These are centred at ∼1245 (L1) and ∼1075 cm −1 (L2) and are due, respectively, to the outer and inner asymmetrical stretch vibrations of the TO 4 tetrahedra (T = Si or Al) present in the siliceous material. 36 Figure 2 (b) presents in detail the region of absorption band L1. A shift to lower wavenumbers is evident for the absorptions in the hybrid nanocomposites compared to those found in the blends, at a given inorganic content. This feature indicates some changes in the phase interactions existing in a polyethylene/MCM-41 hybrid material when it is prepared by in-situ polymerisation or by simple blending. These differences could be ascribed to the fact that in the in-situ prepared nanocomposites there are polyethylene chains within the MCM-41 channels favouring strong interactions between the two components and, consequently, weakening the specific vibrations of the TO 4 tetrahedra. On the other hand, no changes in the characteristic polyethylene vibrations are observed in the blends when macromolecules are just surrounding the mesoporous material.
Structural Characterisation
The intensity increases in bands L1 and L2 as the inorganic filler content does. Spectra taken in different spots of films of the HDPE/MCM-41 blends show that, up to a concentration of ∼12% in nanofiller, these are homogeneous. A linear relation is observed in this region between the intensity of band L1 (or L2) and the contents in nanofiller (Fig. 3) . However, for higher concentrations, the nanofillers tend to aggregate and certain macroscopic blend heterogeneity is observed.
The nanofiller distribution homogeneity within the nanocomposites was also checked. Similar L1 and L2 intensities are observed at the different sections tested. However, films tend to become opaque and a saturation effect is observed at nanofiller contents around 12 wt%. To estimate the composition of the nanocomposites above this concentration range, a controlled dilution procedure by blending with HDPE homopolymer has been used. This method proved to be accurate for inorganic filler concentrations up to 14%. Results on Table II show within the polyethylene matrix. Moreover, these micrographs and some additional experiments have been also performed to confirm the presence of the channel structure in the nanocomposites. The picture at top of Figure 4 shows that particles are uniformly dispersed within the polyethylene matrix, some aggregates being also observed. These features were observed in the nanometric scale, for the HDPE/MCM-41 (14) nanocomposite. On the other hand, the picture in the middle of Figure 4 clearly 
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shows the ordered channel structure existing in the initial MCM-41. We believe that these nanocomposites consist in polyethylene chains incorporated inside channels of the MCM-41 derivatives (as supported by the X-ray results discussed above) in addition to some others chains surrounding the nanofillers. To provide more evidences to this assumption, the nanocomposites have been subjected to an extraction process using xylene as solvent at 140 C for 10 hours to separate the soluble outer polyethylene chains from the non-soluble residue composed of inorganic MCM-41 nanofillers and the inner polyethylene chains located within its channels. Picture at bottom of Figure 4 evidently shows the ordered channel structure remaining in the non-soluble fraction and the presence of small fibres with thickness of some tens of nanometers (still remaining after extraction with xylene), supporting the occurrence of intrapore polymerisation. The initial nanocomposites and the products obtained from the soluble and non-soluble fractions were also surveyed by FTIR spectroscopy in ATR mode. Figure 5 represents the results found considering the nanocomposite HDPE/MCM-41 (23) . Its spectrum shows the characteristics bands of polyethylenes (around 2900, 1400-1500 and 700-800 cm −1 ) and those related to the MCM-41 fingerprint (at ∼1245 and ∼1075 cm −1 ). The soluble fraction basically only exhibits the bands related to pure polyethylene. However the non-soluble part shows both the bands belonging to MCM-41 and those to PE, attributed to remaining polyethylene chains within channels. Moreover when the same extraction process was carried out over a composite obtained by using the MCM-41 only as filler in the polymerisation reactor (and not as catalyst carrier) no traces of PE were found in the non-soluble fraction. In this case, no PE chains are expected to form inside the MCM-41 channels, and accordingly the removal of the 3600 3200 2800 1600 1400 1200 1000 800 600 outer PE chains from the inorganic material must be much more facilitated. All these X-ray, TEM and FTIR observations are consistent with the fact that the in-situ polymerised materials under study are nanocomposites since the ethylene polymerisation has occurred at intrapores and, in addition, they exhibit a particle distribution at the nanometric scale. Therefore, these results corroborate several studies published in the literature that demonstrate the ability of M41S-type materials to immobilise zirconocene, or even bulkier metallocenes, and to allow the in-situ polymerisation of ethylene and propylene inside the pores and channels. 17 27 37 38 
Thermal Analysis
All the different specimens analysed are semicrystalline and develop the common orthorhombic lattice found in polyethylene crystallised under usual conditions. 39 Accordingly, a melting process is observed in their calorimetric curves. Its location is practically constant independently of MCM-41 content in the nanocomposite, as seen in Table III . This similarity in the melting temperature values has been also described when different contents of SiO 2 nanoparticles are incorporated to some polyethylenic matrices. 40 Moreover, crystallinity values only change very slightly in this composition interval. Figure 6 depicts the results found for the different nanocomposites exhibiting a significant microhardness increase as concentration of MCM-41 rises. The rigidity changes considerably with the incorporation of the mesoporous solid, leading to a considerable strengthening compared with neat HDPE. The almost invariable values found in all of the specimens for the T m and crystallinity seem to indicate that the stiffness increase is attributed to the reinforcement effect of nanofiller and not to any variation in the amount or size of crystallites. Looking at values reported in the literature, it has to be said that the rigidity enhancement and, accordingly, the MH value found in the HDPE/MCM-41(28) nanocomposite (86 MPa) is much Table III . Melting temperatures (T m ) and crystallinity values (f c ) estimated from enthalpies of first melting obtained through DSC experiments. The enthalpy has been normalised for the actual amount of polymer existing in each specimen.
Microhardness Measurements
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Self-Reinforced Hybrid Polyethylene/MCM-41 Nanocomposites higher than that presented by a polyethylene-derivative with 60 wt% in glass fibre 9 (21 MPa) . This observation implies that these novel self-reinforced nanocomposites can achieve higher rigidity with filler loads lower than those incorporated in conventional microcomposites, leading, accordingly, to cheaper and lighter materials. The values reported in polyethylene-derivatives reinforced with SiO 2 nanoparticles point out that the Young modulus decreases for SiO 2 contents higher than 8 wt%, due to formation of aggregates. 40 However, the highest rigidity values here obtained are observed at the highest nanofiller contents because of the absence of large-size aggregates. The results here reported are also in agreement with those found in some other polymeric matrices where MCM-48 has been used instead of MCM-41 derivatives. 28 29 Figure 6 also points out an analogous dependence on MCM-41 composition between MH values and those estimated from DMTA for E at the same temperature, indicating a perfect correlation between superficial and bulk responses for these nanocomposites. MH evaluates primarily the resistance of the polymer to plastic deformation, providing an idea about local strain. However, several effects can be distinguished in these measurements: 33 an elastic deformation, a permanent plastic one and a viscoelastic time-dependent contribution. Therefore, though microhardness measurements are performed at the surface of films and, consequently, are related to the superficial mechanical response, they are also related to other bulk properties, as seen in these nanocomposites for the elastic modulus. Moreover, its determination has important advantages: its quickness, the small amount of material required, and its use as a rapid and reliable method of determining inhomogeneities caused during the processing of polymers and composites materials. 9 12 41 Accordingly, several MH measurements were performed at different sections within the films to check the MCM-41 distribution homogeneity. All of the nanocomposites are rather homogeneous, although the material heterogeneity is slightly larger as nanofiller content increases and, consequently, error bars are enlarged (see Fig. 3 ). These results are in agreement with those previously discussed.
Thermogravimetric Analysis
Once novel self-reinforced materials have been prepared and the analysis of mechanical response has shown promising characteristics, the study of their thermal stability is a rather important aspect to be evaluated. Figure 7 shows the results obtained from thermogravimetry, indicating that the beginning of degradation is shifted to lower temperature as MCM-41 content increases in the nanocomposites. This shows the catalytic effect of MCM-41 in the degradation process of PE and illustrates the third role played by MCM-41 in the corresponding PE/MCM41(x) nanocomposites. A similar effect has been found by Marcilla 42 et al. when studying the degradation of PE under N 2 , in the presence and absence of mesoporous MCM-41, by thermogravimetric analysis (TGA). Aguado 43 et al. have also shown the efficiency of mesoporous aluminosilicate MCM-41 as promoter towards degradation of polyolefins into liquid fuels. Nowadays, this might be quite interesting in relation to the degradation of these polyolefins into basic petrochemicals as feedstock or fuel for downstream processes after their life service, making these self-reinforced polyolefinic materials environmentally welcome and with an added value. 44 Furthermore, the amount of inorganic solids can also be estimated from these thermogravimetric curves. The contents agree rather well with those obtained from FTIR analysis, as listed in Table I . 
CONCLUSIONS
The use of mesoporous MCM-41 as catalyst carrier and its further presence in the final material is an effective route for the successful preparation of nanocomposites by in-situ supported polymerisation of ethylene within their pores and channels. These confined synthetic conditions lead to special interactions between the MCM-41 material and the resultant polyethylene, as shown by FTIR analysis. The careful selection of the experimental conditions allows the production of semicrystalline hybrid materials within a large range of nanofiller concentrations, whose crystallites at first approximation exhibit rather similar characteristics. These novel self-reinforced nanocomposites present an increase in rigidity, as well as an easier degradability because of the additional role of mesoporous MCM-41 as promoter for PE degradation. Therefore, their use may lead to cheaper, lighter and more environmentally friendly materials.
Studies aiming for a comprehensive evaluation of the crystalline and thermal characteristics and of the viscoelastic behaviour are currently in progress.
